Abstract Macrophage apoptosis is an important process in the pathophysiology of atherosclerosis. Oxidized lowdensity lipoproteins (OxLDL) are a major component of lesions and potently induce macrophage apoptosis. Cannabinoid receptor 2 (CB2), the predominant macrophage cannabinoid receptor, modulates several macrophage processes associated with ongoing atherosclerosis; however, the role of CB2 in macrophage apoptosis is unknown. To determine if CB2 influences a macrophage apoptotic pathway relevant to atherosclerosis, we examined the effect of CB2 deficiency on OxLDL-induced macrophage apoptosis. In situ terminal transferase-mediated dUTP nick end labeling (TUNEL) analysis of resident peritoneal macrophages detected significantly fewer apoptotic CB2 2/2 macrophages than CB2
Abstract Macrophage apoptosis is an important process in the pathophysiology of atherosclerosis. Oxidized lowdensity lipoproteins (OxLDL) are a major component of lesions and potently induce macrophage apoptosis. Cannabinoid receptor 2 (CB2), the predominant macrophage cannabinoid receptor, modulates several macrophage processes associated with ongoing atherosclerosis; however, the role of CB2 in macrophage apoptosis is unknown. To determine if CB2 influences a macrophage apoptotic pathway relevant to atherosclerosis, we examined the effect of CB2 deficiency on OxLDL-induced macrophage apoptosis. In situ terminal transferase-mediated dUTP nick end labeling (TUNEL) analysis of resident peritoneal macrophages detected significantly fewer apoptotic CB2 2/2 macrophages than CB2
1/1 macrophages after incubation with OxLDL (27.9 6 4.7% vs. 61.9 6 8.5%, P , 0.001) or 7-ketocholesterol (7KC) (18.9 6 10.5% vs. 54.1 6 6.9%, P , 0.001), an oxysterol component of OxLDL. Caspase-3 activity; proteolytic conversion of procaspase-3; and cleavage of a caspase-3 substrate, PARP, were also diminished in 7KC-treated CB2 2/2 macrophages. Furthermore, the deactivation of the prosurvival kinase, Akt, in response to 7KC was impaired in CB2 2/2 macrophages. These results suggest that CB2 expression increases the susceptibility of macrophages to OxLDLinduced apoptosis, in part, by modulating the effect of oxysterols on the Akt survival pathway and that CB2 may influence atherosclerosis by modulating lesional macrophage apoptosis. Atherosclerosis is a chronic inflammatory disease of the vascular wall (1) during which macrophages in the vascular intima ingest atherogenic lipoproteins, such as modified LDLs, and transform into cholesteryl ester-laden foam cells (2) . Apoptotic foam cells have been well documented within atherosclerotic lesions, but until recently the consequences of apoptosis in the pathophysiology of atherosclerosis was unknown. Work by Liu et al. (3) and Arai et al. (4) showed that macrophage apoptosis represses lesion formation in mice, indicating that, at least in early lesions, macrophage apoptosis is antiatherogenic. In advanced lesions, there is strong evidence that apoptosis of macrophage-derived foam cells is a proatherogenic factor contributing to plaque instability and rupture (5, 6) . Thus, the mechanisms regulating macrophage apoptosis are significant to the development of lesions and the progression toward events that may directly trigger the acute clinical manifestations of atherosclerosis.
Oxidized low-density lipoproteins (OxLDL) is the most widely studied modified LDL. It is present in circulating plasma and atherosclerotic lesions (7, 8) , and is a potent inducer of apoptosis in cultured macrophages as well as other vascular cell types (9) (10) (11) (12) . The oxysterol constituents of OxLDL are responsible for a large portion of its apoptotic activity (13) (14) (15) . Of the oxysterols present in OxLDL, 7-ketocholesterol (7KC) is one of the most abundant and cytotoxic (16, 17) . In vitro, treatment of macrophages with 7KC at concentrations near the upper range of that of oxy-sterols found in plasma of hyperlipidemic humans (10-30 mM) (18, 19) induces apoptosis via the mitochondrial pathway (20, 21) . The induction of apoptosis occurs, at least in part, by a mechanism dependent upon an influx of extracellular Ca 21 , activation of cytosolic phospholipase A2 (cPLA 2 ) resulting in release of arachidonic acid, and esterification of the oxysterol(s) with arachidonate mediated by acyl-CoA:cholesterol acyltransferase (ACAT) (21) (22) (23) (24) . These observations have led us to propose that arachidonyl oxysterols, particularly 3-arachidonyl 7KC, are the critical inducers of macrophage apoptosis formed in response to OxLDL (24) .
The only known signaling lipid containing an arachidonyl ester as a structural feature is the endocannabinoid, 2-arachidonyl glycerol (25) . Cannabinoids, such as D
9
-tetrahydrocannabinol (THC), and their endogenous counterparts, the endocannabinoids, function by binding and activating a pair of G-protein coupled receptors known as cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2) (26, 27) . Despite sharing ?44% homology, CB1 and CB2 appear to be functionally distinct. CB1 is expressed predominantly in the central and peripheral nervous system, modulates synaptic signaling, and is responsible for the psychotropic and analgesic effects of cannabinoids (28) . CB2 is mainly expressed in cells of the peripheral immune system, including monocytes/macrophages (29) , and is responsible for the anti-inflammatory and immunosuppressive effects of cannabinoids (30) .
Evidence of a possible role for CB2 in atherosclerosis has been reported. In mice, CB2 is present in lesions but absent from adjacent nondiseased areas of the vascular wall, and activation of CB2 can be shown to diminish lesion progression (31) . In vitro, CB2 impacts on several processes associated with the pathogenesis of atherosclerosis, including macrophage proliferation, chemotaxis, and apoptosis (32, 33) . The antiatherosclerotic effects of macrophage apoptosis in the vasculature have been noted by our lab and others (3, 4) . The intersection of observations of a physiological significance of CB2 in induction of macrophage apoptosis and candidate ligands for CB2 in the arachidonyl oxysterols formed in response to oxysterols motivated us to determine whether CB2 deficiency would alter the apoptotic response of macrophages to OxLDL. The potentially pharmacologically exploitable role of CB2 in atherosclerosis is also intriguing. In the current study, we observed that macrophages lacking CB2 have a diminished capacity to undergo OxLDL-and 7KC-induced apoptosis and to dephosphorylate Akt in response to 7KC.
MATERIALS AND METHODS

Materials
Oxidized human LDL produced by incubation with 20 mM copper sulfate for 24 h was purchased from Biomedical Technologies Inc. (Stoughton, MA). The lipid peroxidation of the OxLDL, as quantified by assaying for thiobarbituric acid reactive substances using malondialdehyde as the standard, was found to be 15.9 nmoles of malondialdehyde/mg protein. 7-ketocholesterol was obtained from Steraloids (Newport, RI) and staurosporine from Sigma Chemical Co. (St. Louis, MO). [9, H]oleate was purchased from American Radiolabeled Chemicals (St. Louis, MO).
Mice
C57BL/J6 mice were obtained from The Jackson Laboratory (Bar Harbor, ME). CB2 receptor null mice on a C57BL/6 background (34) were kindly provided by Dr. Nancy Buckley (California State Polytechnic University, Pomona, CA). Genotyping was performed by PCR of genomic DNA isolated from tail clips using specific primers as described (34) . All mice were housed in the Animal Research Facility at East Tennessee State University, and all procedures performed were in accordance with the guidelines administered by the East Tennessee State University Institutional Animal Care and Usage Committee.
Isolation of resident peritoneal macrophages
Resident mouse peritoneal macrophages (MPMs) were isolated by lavage and cultured as previously described (24) .
TUNEL assay
MPMs isolated from four CB2 2/2 and four CB2 1/1 mice (age 8-10 weeks) were pooled by genotype and seeded at ?1 3 10 5 cells per chamber in 8-well glass chamber slides (Nalge, Naperville, IL) in DMEM containing 10% FBS (DMEM10). After attaching, the MPMs were rinsed twice with PBS and refed DMEM10 supplemented with various concentrations of OxLDL. Control wells received equivalent amounts of unmodified LDL. After a 16 h incubation, terminal transferase-mediated dUTP nick end labeling (TUNEL) assays were performed using an in situ cell death detection kit (Roche Diagnostics, Indianapolis, IN) as described previously (24) . For each condition, the percentage of TUNEL-positive cells in 10 randomly chosen fields (70-100 cells/ field) was determined. Each experiment was performed independently at least twice.
Caspase-3 activity assay
Caspase-3 and caspase-3-like activity (DEVDase activity) was measured using a fluorogenic tetrapeptide, Ac-DEVD-AFC, which is an efficient substrate for caspase-3, as well as caspase 7 (35, 36) . Briefly, MPMs isolated from groups (n > 8) of CB2 null and wildtype mice were pooled according to genotype and seeded at 2 3 10 6 cells/well in 12-well culture plates in DMEM10. After an overnight incubation, the MPMs were rinsed with PBS twice and refed fresh DMEM10. 7-ketocholesterol was added directly to the wells from 2 mg/ml ethanol stock solutions. Untreated controls were adjusted to receive an equivalent volume of vehicle (ethanol). After a 16 h incubation, the attached and unattached cells were collected by scraping followed by centrifugation at 1,000 g for 5 min. The cells were rinsed in ice-cold PBS, resuspended in lysis buffer (10 mM Tris (pH 7.5), 130 mM NaCl, 1% Triton X-100, 10 mM sodium Pi, and 10 mM sodium PPi), incubated on ice for 10 min and centrifuged at 12,000 g for 15 min at 4°C. The supernatants were then assayed for DEVDase activity in the presence and absence of a caspase-3 inhibitor, Ac-DEVD-CHO, as described previously (21) . The net caspase-3 activity of each sample was calculated by subtracting the relative fluorescence measured in the presence of the inhibitor from the relative fluorescence measured in the absence of the inhibitor and normalized to the protein concentration of the sample. All treatments were preformed in triplicate and the data presented as the mean 6 SD.
bated for 24 h in serum-free DMEM containing 0.1% fatty acidfree BSA and 1 mCi/ml [ 3 H]arachidonate after which the cells were rinsed thrice with PBS containing 0.1% fatty acid-free BSA and refed DMEM10. After 1 h incubation, the cells were either refed medium containing 7KC or an equivalent volume of vehicle (ethanol), and the incubation continued for various time periods. The medium was collected, centrifuged at 1,000 g for 5 min, and the radioactivity in the medium was determined by liquid scintillation counting. The radioactivity remaining in the cells was determined by liquid scintillation counting of cell lysates prepared with 0.1 N NaOH. The percent release of arachidonate was calculated as [medium dpm/(cells 1 medium) dpm] 3 100 and was normalized to the value of unstimulated controls.
Determination of ACAT activity
ACAT activity was determined by incorporation of [ 3 H]oleate into cellular cholesteryl and oxysteryl esters. Isolated MPMs were seeded at 2 3 10 6 per 60 mm dish, allowed to attach overnight, rinsed with PBS twice, and then incubated for 6 h in DMEM containing 0.1% fatty acid-free BSA and [
3 H]oleate (1.0 mCi/ml) in the presence or absence of 7KC. The cells were rinsed three times with PBS, and the membrane phospholipids and neutral lipids were extracted with hexane:isopropanol (3:2), brought to dryness under a stream of N 2 , and resuspended in 30 ml of hexane containing cholesteryl oleate (1 mg/ml) and 7-ketocholesteryl oleate (1 mg/ml). The residue was spotted on Whatman silica gel 60 plates and developed in hexane:diethyl ether:acetic acid (80:20:1). The cholesteryl oleate and 7KC-oleate bands were visualized with iodine vapor, scraped, and subjected to liquid scintillation counting. The extracted cells were dissolved in 0.1 N NaOH, and the protein concentration as determined by micro-BCA assay (Pierce, Rockford IL) was used to normalize the data. Treatments were performed in triplicate and, in the case of cholesteryl oleate formation, the data presented as mean fold induction 6 SD for three independent experiments.
Immunoblotting
Macrophages were seeded at 2 3 10 6 per 35 mm plate in DMEM10 and allowed to attach for 24 h. 7KC was then added to media as described above for caspase-3 activity assays, and the incubation continued for 16 h. The cells were washed twice with PBS, collected in ice-cold 1 3 cell lysis buffer (Cell Signaling, Danvers, MA) supplemented with Halt Proteinase Inhibitor cocktail (Pierce, Rockford, IL), incubated on ice for 20 min, and centrifuged at 14,000 g for 15 min at 4°C. The protein concentration was determined by micro-BCA assay (Pierce). Cell lysates were subjected to SDS-PAGE on 4-12% Bis-Tris NuPAGE gels (Invitrogen, Carlsbad, CA) and transferred to polyvinylidene fluoride membranes. The membranes were blocked in tris buffered saline containing 0.2% Tween-20 (TBS-T) and 5% nonfat dry milk for 1 h followed by overnight incubation at 4°C in TBS-T containing a 1:1000 dilution of a primary antibody to CB2, caspase-3, poly (ADP-ribose) polymerase (PARP) or total Akt1/2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or a 1:5000 dilution of phospho-Akt [Ser473] antibody (Biosource International). The membranes were washed with TBS-T and then incubated with an HRP-conjugated secondary antibody for 1 h. The bands were visualized using a Supersignal West Pico ECL kit (Pierce). PhosphoAkt [Ser473] immunoblots were developed with a Supersignal West Femto ECL kit (Pierce). To control for equal protein loading and transfer, the membranes were rinsed with TBS-T and subjected to the immunoblotting procedure using a 1:10,000 dilution of Hsc70 antibody (Stressgen, Ann Arbor, MI). Immunoblots were quantified using ImageJ processing and analysis software (37) .
Statistical analysis
Statistical differences between groups were determined by twotailed, unpaired Studentʼs t-test using SigmaPlot 2000 software (SPSS Inc.) with P , 0.05 considered statistically significant.
RESULTS
CB2 deficient macrophages are resistant to OxLDL-induced DNA fragmentation
Representative results from PCR and immunoblot analysis confirming the CB2 null genotype and phenotype of the CB2 2/2 mice are shown in Fig. 1A , B, respectively. TUNEL analysis of cellular DNA fragmentation is a widely used sensitive and relatively specific method for quantitation of apoptosis in cell cultures (38) , and in our prior studies, OxLDL-induced apoptosis in MPMs was reliably detected by TUNEL analysis (24) . We, therefore, performed TUNEL analysis of CB2 2/2 and CB2 1/1 MPMs incubated for 16 h with increasing amounts of OxLDL to examine the effect of CB2 deficiency in macrophages on OxLDL-induced apoptosis (Fig. 1C) . Treatment with 5 mg/ml OxLDL resulted in no significant difference between the percentage of TUNEL-positive CB2
1/1 macrophages and TUNEL-positive CB2 2/2 macrophages (33.6 6 10.4% vs. 30.3 6 6.5%, respectively). However, the percentage of TUNEL-positive macrophages produced by treatment with 10 mg/ml OxLDL was ?1.7-fold higher in CB2 1/1 macrophages compared with CB2 2/2 macrophages (51.4 6 13.0% vs. 30.7 6 7.0%, P , 0.001). This difference increased slightly to ?2.2-fold with 50 mg/ml OxLDL (61.9 6 8.5% vs. 27.9 6 4.7%, P , 0.001). Compared with wild-type MPMs, CB2 2/2 MPMs did not display a reduced ability to uptake modified LDL (data not shown).
CB2 deficient macrophages are resistant to 7-ketocholesterol-induced DNA fragmentation
The apoptotic potential of OxLDL is, primarily, a consequence of its oxysterol constituents. Therefore we also performed TUNEL analysis to compare the apoptotic response of CB2 2/2 and CB2 1/1 MPMs treated with varying concentrations of 7KC, one of the most abundant and cytotoxic oxysterols present in OxLDL ( Fig. 2A) . Treatment of macrophages with 7KC at concentrations below 10 mg/ml did not significantly induce DNA fragmentation in either CB2 2/2 or CB2 1/1 macrophages. However, CB2 2/2 and CB2 1/1 macrophages both showed an increase in DNA fragmentation following treatment with 10 mg/ml 7KC, a concentration nearing the upper limit of oxysterols detected in human plasma (19) . In CB2 2/2 or CB2
MPMs, the degree of apoptosis induced by treatment with 10 mg/ml 7KC was similar to that induced by treatment with 50 mg/ml OxLDL. When CB2 2/2 and CB2 1/1 MPMs were treated with higher concentrations of 7KC (>20 mg/ml), extensive necrosis and cell detachment was observed such that quantitative analysis was not possible. Similar to the results with OxLDL treatment (Fig. 1C) , the percentage of TUNEL positive CB2
1/1 MPMs observed after treatment with 10 mg/ml 7KC was greater (?2.9-fold) than that observed for similarly treated CB2 2/2 MPMs (54.1 6 6.9% vs. 18.9 6 10.5%, respectively, P , 0.001) (Fig. 2A) . In contrast, no significant difference between the percentage of TUNEL--positive CB2
2/2 and CB2 1/1 MPMs was observed following treatment with staurosporine, a highly effective inducer of apoptosis in a variety of cell types (39) (Fig. 2B ).
CB2 null macrophages are resistant to 7KC-induced caspase-3 activation
Proteolytic processing of the inactive proenzyme, procaspase-3, to its active form, caspase-3, represents a committed step in the execution phase of apoptosis (40). Activated caspase-3 then cleaves specific substrates, such as poly (ADP-ribose) polymerase (PARP), involved in downstream apoptotic events. Therefore, to validate the results obtained by TUNEL analysis, we performed caspase-3 activity assays and immunoblotting with caspase-3 and PARPspecific antibodies (Fig. 3) . Induction of caspase-3 activity by 7KC treatment was apparent in MPMs from CB2 2/2 mice; however, the induction was significantly reduced in comparison to that observed in MPMs from wild-type mice (3.2 6 0.31-fold vs. 5.7 6 1.3, P , 0.05) (Fig. 3A) . Immunoblots revealed a substantial decrease in procaspase-3 levels and increase in cleaved caspase-3 levels in CB2
1/1 MPMs following 7KC treatment (Fig. 3B) , a result that is consistent with activation of caspase-3 activity by proteolytic processing of procaspase-3. In comparison, immunoblots of CB2 2/2 MPMs treated with 7KC showed a much less significant decrease in procaspase-3 levels and increase in cleaved MPMs after 16 h in the presence of increasing concentrations of 7-ketocholesterol (7KC) as indicated. The MPMs were also treated with 50 mg/ml OxLDL as a positive control. B: TUNEL analysis of CB2 1/1 and CB2 2/2 MPMs incubated for 6 h in the presence or absence of 1 mM staurosporine. The graph shows the mean percentage 6 SD of TUNEL stained nuclei observed for each treatment performed in triplicate for two independent experiments. * P , 0.001 between similarly treated CB2 2/2 and CB2 1/1 macrophages.
Fig. 1. Oxidized low-density lipoproteins (OxLDL)-induced DNA fragmentation is reduced in cannabinoid receptor 2 (CB2)
2/2 macrophages. A: Genomic DNA isolated from seven randomly selected CB2 null and seven randomly selected CB2 1/1 mice was subjected to PCR analysis. The expected size of the wild-type and CB2 null PCR amplification products are as indicated. BTotal cell lysates prepared from CB2 2/2 and CB2 1/1 MPMs were subjected to SDS-PAGE and immunoblotting using a CB2 specific antibody. The immunoblots were also probed with an antibody against Hsc70 as a control for equal loading. C:: Induction of DNA fragmentation in CB2
1/1 and CB2 2/2 MPMs after a 16 h treatment with increasing concentrations of OxLDL was determined by in situ terminal transferase-mediated dUTP nick end labeling (TUNEL) analysis as described in Materials and Methods. C: The graph shows the mean percentage 6 SD of TUNEL stained nuclei observed for each treatment for three independent experiments. * P , 0.001 between similarly treated CB2 2/2 and CB2 1/1 macrophages.
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by guest, on October 29, 2017 www.jlr.org caspase-3 levels (Fig. 3B) . Additionally, immunoblotting revealed that cleavage of PARP into its 89 kDa apoptotic fragment was also significantly greater in 7KC-treated CB2 1/1 MPMs compared with similarly treated CB2 2/2 MPMs (Fig. 3B) . Quantitation by scanning densitometric analysis of the immunoblots from three replicate experiments showed that the ratio of cleaved caspase-3 to procaspase-3 increased ?4.7-fold (0.56 6 0.28 to 2.4 6 0.64, P , 0.05) in CB2
1/1 MPMs treated with 7KC but only ?2.6-fold (0.32 6 0.19 to 0.86 6 0.42, P , 0.05) in CB2 2/2 MPMs (Fig. 3C) , and that the percentage of cleaved PARP in CB2 1/1 macrophages increased ?9.9-fold (4.9 6 2.9% to 48.3 6 10.5%, P , 0.05) following 7KC treatment, but only ?6.1-fold (3.7 6 1.8% to 22.6 6 7.3%, P , 0.05) in CB2 2/2 macrophages (Fig. 3D) .
Induction of arachidonate release and ACAT activity by 7KC is not affected by CB2 deficiency in macrophages
Release of AA, via activation of cPLA 2 , and ACAT activity are necessary upstream steps in the signaling pathway of oxysterol-induced apoptosis in macrophages (22, 24 1/1 and CB2 2/2 MPMs (133,142 6 7,024 dpm/mg and 174,329 6 26,331 dpm/mg, P 5 0.12, respectively), (Fig. 4C) .
7KC-induced dephosphorylation of Akt is impaired in CB2
2/2 macrophages Down-regulation of the prosurvival kinase Akt (protein kinase B), by degradation (21) or dephosphorylation (41) , has been observed during oxysterol-induced apoptosis in macrophages. To gain insight into the mechanism by which CB2 deficiency in macrophages imparts resistance to 7KC-induced apoptosis, we used immunoblotting to Fig. 3 . Activation of caspase-3 by 7-ketocholesterol is reduced in CB2 deficient macrophages. Resident peritoneal macrophages, isolated and pooled from CB2 1/1 and CB2 2/2 mice, were cultured for 16 h in the presence or absence of 10 mg/ml 7KC. A: Caspase-3 activity was determined as described in Materials and Methods, and the results are present as the mean fold induction 6 SD for three independent experiments. B: Total cell lysates prepared from CB2 1/1
and CB2
2/2 MPMs treated with and without 7KC for 16 h were subjected to immunoblotting using antibodies specific for procaspase-3, cleaved caspase-3 and poly-ADP ribose polymerase (PARP). The blots were striped and probed with an Hsc70 antibody to control for equal loading of the gels. The blots shown are representative of three independent experiments. C: The relative amounts of procaspase-3, cleaved caspase-3, full length PARP and cleaved PARP detected by the immunoblots from the three replicate experiments were quantified by densitometric analysis, normalized to Hsc70 levels, and expressed as the mean ratio of cleaved caspase-3 / procaspase-3 6 SD (C) and as the mean ratio of cleaved PARP / total PARP 6 SD, respectively (D). * P , 0.05 between similarly treated CB2
2/2 and CB2 1/1 macrophages.
compare the levels of total Akt and phosphorylated Akt in CB2 2/2 and CB2 1/1 MPMs before and after treatment with an apoptosis-inducing concentration of 7KC (10 mg/ml). We used a phosho-Akt Ser473 antibody as phosphorylation of ser-473 is required for Akt kinase activity (42) . Immunoblots showed that the level of total Akt detected in lysates from CB2 2/2 MPMs, in comparison to lysates from CB2
MPMs, varied slightly from experiment to experiment. The immunoblot shown in Fig. 5A detected slightly lower levels (?15% lower after normalizing to Hsc-70) of total Akt in lysates from untreated CB2 2/2 MPMs compared with lysates from untreated CB2 1/1 MPMs. In other immunoblots, the levels of total Akt detected in CB2 2/2 MPMs were equal to or slightly elevated compared with CB2
1/1
MPMs (data not shown). Despite the variability observed in total Akt levels, the immunoblots consistently showed no appreciable difference in active, p-Akt Ser473 , levels between untreated CB2
2/2 and CB2 1/1 MPMs (Fig. 5A ). More importantly, 7KC treatment did not alter total Akt levels in either CB2
2/2 or CB2 1/1 MPMs, but did reduce active, p-Akt Ser473 , levels in both, with CB2 1/1 MPMs showing a more substantial decrease than CB2 2/2 MPMs. Quantitative densitometric analysis of the immunoblots revealed the ratio of p-Akt Ser473 to total Akt in untreated CB2
2/2
MPMs was not statistically different from that in untreated CB2 1/1 MPMs (1.1 6 0.11 and 0.93 6 0.1, respectively, P 5 0.2) (Fig. 5B ). After treatment with 7KC, the p-Akt/ total Akt ratio in CB2 1/1 and CB2 2/2 MPMs decreased (?3.9-fold and ?1.6-fold, respectively); however, only in CB2 1/1 MPMs did the decrease reach statistical significance (0.93 6 0.1 and 0.24 6 0.002, P , 0.05, for untreated and treated CB2 1/1 MPMs compared with 1.05 6 0.11 and 0.69 6 0.23, P 5 0.07, for untreated and treated CB2 2/2 MPMs).
DISCUSSION
To determine if CB2 influences the apoptotic response of macrophages to OxLDL/oxysterols, we examined apoptosis in CB2
2/2 and CB2 1/1 resident peritoneal macrophages following exposure to OxLDL or 7KC. By assaying several independent hallmarks of apoptosis, the current study revealed that the apoptotic response of CB2 
and CB2
2/2 MPMs following a 6 h incubation in the presence of increasing concentrations of 7KC as indicated in A. MPMs pooled from groups (n > 6) of CB2 1/1 and CB2 2/2 mice were cultured for 6 h in media containing 1 mCi/ml [ 3 H]oleate and supplemented with and without 10 mg/ml 7KC. Neutral lipids were extracted, separated by TLC, and the amount of radioactivity incorporated into cholesteryl oleate and 7KC-oleate was determined by liquid scintillation counting as described in Materials and Methods. The graph in B shows the mean fold induction 6 SD of cholesteryl oleate accumulation for three independent experiments performed in triplicate. The graph in C shows the mean dpm/mg 6 SD of 7KC [ 1/1 and CB2 2/2 MPMs were cultured for 16 h with and without 10 mg/ml 7KC, and the levels of phospho-Akt Ser473 and total Akt were determined by immunoblotting. The immunoblots were striped and probed with an Hsc70 antibody to evaluate equal loading. Representative blots from three independent experiments are shown. B: The levels of p-Akt and total Akt in the immunoblots were quantified by densitometric analysis, and the data presented as the mean ratio 6 SD of p-Akt/total Akt. * P , 0.05 between similarly treated CB2 2/2 and CB2 1/1 macrophages.
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In a previous study, we demonstrated that receptor mediated uptake of OxLDL is a requirement for its cytotoxicity by showing that a cell line normally resistant to OxLDLinduced apoptosis, CHO cells, can be rendered sensitive by ectopic expression of CD36, a receptor for OxLDL (23) . In data not shown we found that uptake of modified LDL was unaffected by CB2 deficiency, suggesting that the differential sensitivity of CB2 2/2 and CB2
1/1 macrophages to OxLDL-induced apoptosis is not due to differences in expression of an OxLDL receptor. As oxysterolinduced cell death is independent of OxLDL receptor expression (23) , the observation that CB2 2/2 and CB2
1/1 macrophages are also differentially sensitivity to 7KC-induced apoptosis supports this conclusion. The finding that CB2 deficiency affects both OxLDLand 7KC-induced apoptosis is in agreement with studies that attribute a large portion of the cytotoxicity of OxLDL to its oxysterol constituents (16, 17) . The ability of different oxysterols to induce apoptosis in vascular cells varies greatly and varying combinations of oxysterols can display differing toxicities (43) . Therefore, the current study was limited to 7KC as 7KC is the predominant cytotoxic oxysterol formed upon copper-oxidation of LDL (16) . Furthermore, the concentration of 7KC (10 mg/ml) used in the current study to induce apoptosis is within the reported physiological range (10-30 mM) of oxysterols present in human plasma following ingestion of a meal containing oxysterols (44) and in plasma of individuals with hypercholesterolemia (18, 19) . We also have observed that CB2 null macrophages are resistant to apoptosis induced by another cytotoxic oxysterol, 25-hydroxycholesterol (data not shown).
CB2 deficiency results in only a partial resistance to OxLDL/oxysterol-induced apoptosis. This result is similar to our prior studies in which partial resistance to OxLDL/ oxysterol-induced apoptosis was found in macrophages deficient in cPLA 2 (22) or ACAT1 (24) . This partial resistance likely indicates that multiple apoptotic pathways are initiated in macrophages in response to OxLDL/oxysterols. In support of this, Berthier et al. (41) observed that apoptosis in macrophages induced by very high levels of 7KC (40 mg/ml) involves the activation and interaction of several different Ca 21 -dependent apoptotic pathways. Alternatively, CB2 null macrophages may have up regulated the expression of CB1, or another yet unidentified cannabinoid receptor, which partially compensates for the lack of CB2.
A particularly intriguing finding of the current study is that the differential sensitivity of CB2 null macrophages to OxLDL-induced apoptosis was only observed at higher concentrations (> 10 mg/ml) of OxLDL (Fig. 1C) . This suggests that an OxLDL threshold exists for the activation of a CB2-dependent apoptotic pathway. The observation that wild-type macrophages were much less sensitive to concentrations of 7KC below 10 mg/ml ( Fig. 2A) suggest that this threshold for OxLDL may reflect the concentration of apoptotic oxysterols present in the OxLDL and that the apoptosis induced by lower concentrations of OxLDL is mediated by other (non-oxysterol) apoptotic inducers present in the OxLDL which function by CB2-independent mechanisms. If this were the case, in atherosclerosis one might expect CB2-dependent macrophage apoptosis to be most relevant in more advanced lesions which have accumulated larger amounts of OxLDL. As macrophage apoptosis in advanced lesions is considered a proatherogenic process, strategies for manipulating and inhibiting CB2-dependent apoptotic pathways might be useful to retard lesion progression and prevent lesion rupture, a suggestion given credence by the findings of Steffens et al. (31) , demonstrating that oral administration of a cannabinoid reduces progression of established lesions in ApoE knockout mice via a presumably CB2-dependent mechanism.
In macrophages, one of the earliest events triggered by 7KC is an influx of external calcium (23) . Our prior work has partially delineated a Ca 21 -dependent signaling pathway initiated in macrophages after treatment with 7KC involving the Ca 21 -dependent translocation and activation of cPLA 2 , which hydrolyzes membrane phospholipids releasing free fatty acids, primarily arachidonic acid, which are then esterified to the inducing oxysterol by ACAT to form a putative oxysterol ester signaling intermediate (22, 24) . Activation of cPLA 2 in CB2 null macrophages in response to 7KC treatment, as determined by release of AA, was equivalent to that in CB2 1/1 macrophages (Fig. 4A) . Furthermore, ACAT activity was also not significantly different between CB2 null and wild-type macrophages (Fig. 4B, 4C ). These results suggest that CB2 deficiency imparts resistance to OxLDL/oxysterol-induced apoptosis in macrophages at a step downstream of cPLA 2 and ACAT.
The observation that oxysterol-induced dephosphorylation of Akt is impaired in CB2 2/2 macrophages is in partial agreement with our previous study demonstrating that ectopic expression of constitutively active Akt transiently protects P388D1 monocyte/macrophages from oxysterolinduced apoptosis (21) . In this prior report, oxysterolinduced inactivation of Akt was associated with enhanced proteasomal degradation of Akt. 7KC-induced degradation of Akt in either CB2 1/1 or CB2 2/2 MPMs was not observed in the current study. Instead, 7KC treatment reduced the amount of active p-Akt, an effect that was significantly reduced in CB2 null macrophages (Fig. 5) . This result is similar to those of Berthier et al. (41) who noted 7KC-induced reduction of p-Akt in THP-1 macrophages. These results may indicate that monocyte/macrophages of different lineages or from different species may utilize alternative mechanisms to down-regulate Akt in response to OxLDL/oxysterols. THC-induced apoptosis in a human leukemia cell line, Jurkat cells, has been shown to involve a CB2-dependent stimulation of de novo ceramide synthesis (45) . Macro-phages treated with a minimally oxidized LDL (mOxLDL) produce ceramide (46) and ceramide has been implicated in mOxLDL-induced macrophage apoptosis (47) . However, in another study, mOxLDL was found to protect isolated resident peritoneal macrophages from apoptosis induced by extensively oxidized LDL (OxLDL), as well as apoptosis induced by free cholesterol loading, by a mechanism involving upregulation of Akt phosphorylation (48) . mOxLDL also protects bone marrow-derived macrophages from apoptosis induced by growth factor deprivation (49, 50) . In this system, the apoptotic pathway is signaled through ceramide synthesis upstream of Akt inactivation and mOxLDL produces its antiapoptotic effect through inhibition of ceramide synthesis and, consequently, maintenance of Akt activation (50) . The OxLDL used in the current study was produced by copper oxidation and is extensively oxidized. Whether or not modulation of ceramide levels by OxLDL or mOxLDL is defective in CB2 null macrophages is currently under investigation.
Activated Akt has been observed in atherosclerotic lesions (48) , thus, the equilibrium between macrophage survival and death pathways within lesions may, in part, be the result of the degree of LDL oxidation and its differential effects on Akt. Cannabinoid receptor signaling has also been demonstrated to affect Akt pathways in a variety of tumor cell types (51, 52) , and modulation of Akt signaling by cannabinoids reduces the susceptibility of some neuronal cell types to apoptosis induced by a variety of insults (53) . These studies in other cell types, combined with the results of the current study, suggest that CB2 may play a role in modulating Akt survival pathways in lesional macrophages. Delineation of the exact role(s) of CB2-mediated Akt signaling in atherosclerosis awaits evaluation of the effect of CB2 deficiency on atherogenesis and lesional apoptosis.
In conclusion, elucidating the mechanism by which OxLDL/oxysterols induce macrophage apoptosis in vitro will identify steps in apoptotic pathways in vivo that are potentially amendable to pharmacological manipulation. Utilization of the CB2 receptor as target for the design of CB2-specific based therapies for atherosclerosis should also help avoid a prime limitation of the clinical application of cannabinoids, the psychoactive effects of these compounds mediated by CB1 receptors expressed in the brain. This study progresses toward this goal in that CB2 expression has been identified as a contributing factor in OxLDL-induced apoptosis in macrophages and suggests a functional role for CB2 as a modulator of the Akt survival pathway in macrophages.
